hypertrophic cardiomyopathy (HCM) at rest, but there is a lack of information on their adaptation to exercise. The aim of this study was to assess the adaptability of LV strains and torsional mechanics during exercise in HCM patients.
H ypertrophic cardiomyopathy (HCM) is a genetically heterogeneous disease resulting from sarcomeric protein mutations and characterized by left ventricular (LV) hypertrophy, myofiber disarray, interstitial fibrosis, and disorganized myocardial architecture. 1 These complex structural abnormalities result in altered LV mechanics with diastolic dysfunction. 2 Systolic ejection fraction is normal or supranormal in HCM patients, despite significant impairment of longitudinal annular velocities assessed by tissue Doppler imaging (TDI). 3 Studies based on MRI, 4 TDI, 5 vector velocity imaging, 6 or speckle-tracking echocardiography (STE) [7] [8] [9] [10] [11] have documented altered LV strains and twist-untwist mechanics at rest. All studies reported reduced longitudinal strain but yielded discordant data regarding radial 4, 7, 9, 10 and circumferential 6, 7, 9, 10 strains. HCM patients have been reported to have greater peak systolic twist 4, 5, 11 and delayed diastolic untwist. 5,10 -12 
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Information on exercise deformational mechanics in HCM patients is scarce in the literature. Only 1 study, by Notomi et al, 5 focusing on untwist mechanics during exercise in healthy subjects, also evaluated a group of 7 HCM patients. Using TDI during submaximal exercise, they documented lower exercise twist and delayed untwisting rate (UTR) in HCM patients without evaluating linear strain components. However, exercise evaluation seems essential for several reasons. Clinical symptoms in HCM patients are typically exercise-induced. Depressed resting strains demonstrated by STE in HCM patients have recently been correlated to reduced aerobic exercise capac-ity 12 but have not been evaluated at exercise. Finally, twist-untwist mechanics have recently been shown to play a major role in systolic-diastolic coupling, particularly during exercise, 13, 14 but this relationship hat not yet been explored in HCM patients. STE has the potential to evaluate myocardial strains, 15 including twist-untwist patterns, 16, 17 and has been recently shown to be feasible during submaximal exercise. 18 -20 The aim of the present study was to assess LV strains and twist-untwist mechanisms at rest and during submaximal exercise in patients with nonobstructive HCM. We hypothesized that LV deformational response to exercise would be limited and systolic-diastolic coupling by twist-untwist mechanisms would be less effective in HCM patients.
Methods

Study Sample
Twenty consecutive patients with an established diagnosis of HCM were prospectively included in a single center (Nimes University Hospital). Echocardiography showed a maximal septal thickness of at least 13 mm in all patients, in the absence of another cardiac or systemic disease that could cause LV hypertrophy. Patients with a history of diabetes or ischemic cardiomyopathy were excluded. All patients were in sinus rhythm and had LV ejection fraction Ն50%. Patients were excluded if echocardiography showed apical hypertrophy, a maximal instantaneous gradient of the left ventricular outflow tract Ͼ30 mm Hg on continuous wave Doppler examination, 21 or significant valvular disease. Patients were compared with 20 healthy volunteers with no evidence of cardiovascular disease and selected for similar sex and age distribution as in the HCM group. This study received approval from the local ethics committee, and written informed consent was obtained from all subjects.
Echocardiographic Data Acquisition
Images were obtained using a Vivid 7 echocardiograph (GE Healthcare, Horten, Norway) with a 3.5-MHz transducer. Screening echocardiography was performed in supine position. Resting and exercise echocardiography in eligible subjects was performed on a dedicated exercise table for echocardiography in semisupine position with left lateral inclination. Bidimensional cineloops were recorded in parasternal short-axis views (basal and apical levels) and in 4-and 2-chambers views. Mean frame rate was 78Ϯ10 s Ϫ1 at rest and 79Ϯ9 s Ϫ1 during exercise, with no significant difference between apex and base. TDI data were acquired in color mode at mean frame rate of 132Ϯ12 s Ϫ1 . For all measurements, 3 consecutive cardiac cycles were stored digitally for blinded offline analysis (EchoPac 6.0, GE Healthcare).
Echocardiographic Analysis
M-Mode measurements of the LV were obtained according to the American Society of Echocardiography recommendations. 22 LV end-diastolic diameter, end-systolic diameter, end-diastolic posterior wall thickness, and septum thickness were measured. LV mass was calculated and indexed for height. 2.7 LV ejection fraction was calculated by the biplane Simpson method. Pulsed Doppler LV inflow (E and A waves) and aortic outflow were recorded in apical views. Peak E and A waves, E-wave deceleration time, and isovolumic relaxation time were measured. The time delay from the onset of the QRS to the onset, peak, and end of aortic outflow and E wave were measured. Tricuspid annular plane systolic excursion was evaluated by M-mode, and the pressure gradient between the right atrium and ventricle was evaluated by continuous wave Doppler. TDI peak systolic (Sa) and diastolic velocities (Ea and Aa) at annular level were derived from apical views on the septal, lateral, inferior, and anterior walls of the LV and on the lateral wall of the right ventricle (RV) and averaged to obtain mean Sa and Ea values. STE analysis was conducted as previously described. 18 LV longitudinal strain and strain rate were assessed using apical 2and 4-chamber views from 12 segments with a mean number of analyzable segments per patient of 10.1Ϯ1.3 at rest and 9.5Ϯ1.8 during exercise (NS). Radial and circumferential strain and strain rates, LV rotation, and rotational velocities were assessed from short-axis views at basal and apical levels. Care was taken to ensure that the basal short-axis plane contained the mitral valve and that the apical plane was acquired distally to the papillary muscle with the LV as circular as possible and proximal to the level with luminal obliteration at end-systole. 17, 23 For temporal analysis, strain variables were adjusted for intersubject differences in heart rate and acquisition frame rate. The time sequence was normalized to the percentage of systolic and diastolic duration (ie, AC represented 100% of systole, and end of cardiac cycle represented 100% of diastole) using linear interpolation to obtain 1 point per percentage of the cardiac cycle from 1% to 200%. 18 Net LV twist was calculated as the instantaneous difference between apical and basal rotations. Diastolic function was evaluated by UTR, the time to peak UTR, and the ratio of UTR normalized for maximal twist. To assess the dynamics of LV twist and its relation to radial displacement (reflecting volumetric changes of the LV) throughout the cardiac cycle, we constructed twist-radial displacement loops. 22 Longitudinal dyssynchrony was calculated as the maximal difference between normalized time-to-peak-values (% systolic time) of 6 LV segments in the 4-chamber view.
Exercise Protocol
Patients taking ␤-blockers stopped medication at least 48 hours before the test. Subjects were installed on a semirecumbent e-Bike EL 240 V ergometer (GE Medical Systems Information Technologies GmbH, Freiburg, Germany), and resting data were collected. After a warm-up period of 2 minutes at 20 W, the work load was increased at 2-minute intervals with 15-to 20-W increments, depending on heart rate response. Data were recorded when the target heart of 110 bpm was obtained at steady state during the last stage of exercise.
Statistical Analysis
Continuous variables are presented as meanϮSD, and skewed data were log-transformed. Homogeneity of variances was tested using the Levene test. Differences between HCM and control subjects were analyzed using either 1-way ANOVA (clinical data, conventional echocardiographic, and TDI data at rest in supine position and percentage changes from rest to exercise in STE data) or 2-way ANOVA with repeated measures (rest versus exercise in both HCM and control subjects) followed by appropriate post hoc tests in the case of significant main factor interaction. Association between continuous variables was analyzed using the Pearson correlation coefficient. The relation between peak twist and peak UTR was studied separately in control subjects and HCM patients. To take into account the nonindependence between rest and exercise results for a given subject, a mixed linear model was fitted on rest and exercise pooled data. In this model, the dependent variable was peak twist, the fixed effect was peak UTR, and the subject was entered in the model as a random effect. Receiver operator characteristics analysis was performed to select cutoff values for deformational strain and twist reserve and their ability to differentiate HCM patients from control subjects. Intraobserver and interobserver variability for STE analysis has been previously assessed in our laboratory, yielding maximal coefficient of variation values Ͻ8% for strains and rotations during exercise. 18 Statistical analysis was performed using MedCalc for MS Windows, version 11.5.00 (MedCalc, Mariakerke, Belgium). Statistical significance was assumed at PϽ0.05.
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Results
Study Samples
Characteristics of HCM patients and control subjects are presented in Table 1 . Sixteen HCM patients were asymptomatic (New York Heart Association class I), and 4 patients were New York Heart Association class II. Twelve patients (60%) were under ␤-blocker therapy. HCM patients showed larger left atrial area and smaller LV end-diastolic and end-systolic diameters ( Table 2 ) than control subjects. Septal thickness, LV mass, relative wall thickness, and ejection fraction were greater in patients. Transmitral E-and A-wave velocities did not differ between groups. E-wave deceleration time and isovolumic relaxation time were higher in the HCM group, but intergroup differences failed to reach statistical significance. Doppler data showed lower TDI Sa, Ea, and Ea/Aa and greater E/Ea ratio.
Exercise Effects on Clinical and Conventional Echocardiographic Variables
Blood pressure and heart rate increased similarly during exercise in HCM patients and control subjects, without intergroup differences (Table 3 ). Similar results were obtained for peak E and A velocities. Ejection fraction increased in both groups, with higher values in HCM patients at rest and exercise. Resting and exercise Sa and Ea were lower in patients but increased during exercise in both groups. Irrespective of conditions, E/Ea ratio was higher in patients and did not increase during submaximal exercise in either group.
Deformational Mechanics
At rest, HCM patients had lower longitudinal and radial strains but higher circumferential strains than control subjects (Table 4 ). Longitudinal early diastolic strain rate was lower and circumferential systolic and diastolic strain rates were higher in HCM patients, who showed greater systolic twist on the account of increased apical and basal rotations ( Figure 1 ). The initial counterclockwise rotation of the base in early systole observed in control subjects (before reversing to clockwise rotation) was abolished in HCM patients. Resting peak UTR did not differ from control subjects but was significantly delayed.
During exercise, all strains, strain rates, twist, and UTR increased in control subjects, whereas only longitudinal strain increased in HCM patients, although remaining lower than in control subjects. There was no significant change in circumferential and radial strains, apical, and basal rotations or twist in HCM patients ( Table 4 and Figure 1 ). Representative strain and twist curves from a control subject and from an HCM patient at rest and during exercise are shown in Figure 2 .
Timing of Deformational Events
Systolic and diastolic strain rates of all linear components and UTR increased during exercise but remained lower than in control subjects. The magnitude (%) of change from resting to exercise values was lower in HCM for all components (Figure 3 ). Whereas control subjects showed greater rotation, twist, and untwist exercise reserve, HCM patients had neither rotational nor twisting reserve. Although its change was lower than in control subjects, UTR showed the highest adaptability in HCM patients compared with other components. The timing of peak systolic longitudinal and circumferential strain rates and twist rate was similar in patients and control subjects at rest and exercise ( Figure 4 ). Peak UTR occurred near the mitral opening at rest and exercise in control subjects and at rest only in Significantly different from control subjects: *PϽ0.01. HCM patients, thus preceding early diastolic longitudinal and circumferential strain rates. During exercise, peak UTR was delayed in HCM patients in whom it occurred synchronously to the other diastolic peak early strains and peak filling. The pattern of the twist-radial displacement curve ( Figure 5 ) was not affected by exercise in control subjects, following a roughly linear trend during systole, with rapid untwisting preceding radial displacement during diastole. In HCM patients, untwisting and diastolic displacement showed a more linear relationship. 
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Systolic-Diastolic Coupling
A significant negative relation was found between peak twist and peak UTR in control subjects (ßϭϪ0.0807, PϽ0.001) but not in HCM patients (ßϭϪ0.0051, Pϭ0.68) ( Figure 6 ). The UTR/twist ratio showed no significant change from rest to exercise in control subjects (Table 4 ). In HCM patients, this ratio was lower at rest and increased during exercise, indicative of changes in systolic-diastolic coupling by twist-untwist mechanics.
Discussion
To our knowledge, this is the first study to assess LV normal strain components and twist-untwist mechanisms during exercise in nonobstructive HCM. The main results in HCM patients compared with control subjects were (1) at rest, LV circumferential strain and twist were greater, compensating for smaller longitudinal and radial strain; (2) at submaximal exercise, deformational and twisting reserve were lower; and (3) exercise UTR was reduced and delayed with altered systolic-diastolic coupling efficiency by twist-untwist mechanics.
LV Resting Mechanics
HCM has been described as being hypocontractile and hypercontractile at the same time. 1, 3, 6 The present study supports this idea, showing lower longitudinal and radial strains but higher circumferential strain and twist in HCM patients than in control subjects ( Table 4 ). The increase in circumferential strain and twist may represent a compensatory response maintaining systolic function at rest. These results are in accordance with previous studies of longitudinal strain 6 -10,12 and twist. 5, 11 Reduced longitudinal function, which is mainly due to subendocardial fibers, may be explained by the fact that subendocardium is more vulnerable to perfusion abnormalities 24 and more affected by interstitial fibrosis 8 than other layers. The same mechanism may also explain the greater LV twist, which results from the dynamic interaction of oppositely directed epicardial and endocardial fiber helices. 25 In normal subjects, greater force is generated in the epicardial layer because of the longer distance from the long axis of the ventricle, resulting in normal counterclockwise rotation of the apex and clockwise rotation of the base when viewed from the apex. 26 Subendocardial fiber dysfunction would result in less opposition to epicardial contraction, ultimately leading to greater LV twist. Another explanation may be the greater epicardial lever arm because of increased wall thickness with preserved or reduced LV cavity. 27 There are some discrepancies regarding radial and circumferential strain. Radial strain has been reported to be normal or reduced in HCM, 7, 9, 10 whereas circumferential strain has been found to be either increased, 6 normal, 9 or reduced. 7, 10 Differences between studies might be explained by the use of different imaging techniques, including MRI and echocardiography techniques such as TDI, 5 STE, 7, 9, 10, 12 or velocity vector imaging, 6 but also by heterogeneous study populations as for the type of hypertrophy with sigmoidal or reversal septal curvature, 11 septal or apical hypertrophy, 28 or the presence of obstruction. 10 Finally, in contrast with our study, ␤-blocker medication was not stopped in previous studies and may have influenced strain measurements.
Exercise Response of LV Mechanics
Exercise evaluation in HCM seems essential because clinical symptoms such as breathlessness are typically exercise-induced. In obstructive HCM, exertional dyspnea has been related to dynamic obstruction. 10 In nonobstructive HCM, altered LV diastolic filling properties have been shown to be the most important determinant of limited stroke volume augmentation and hence reduced peak exercise capacity. 29 Using STE, Abozguia et al 12 have recently shown that reduced exercise capacity in nonobstructive HCM was correlated to reduced diastolic and systolic longitudinal strain rates and to delayed untwist. However, echocardiographic data were acquired only at rest conditions and not during exercise in these studies. 10, 12 Whereas MRI is limited to measurements at rest, echocardiography allows assessing myocardial deformation during exercise. However, only Notomi et al, 5 focusing mainly on the role of exercise untwist in healthy subjects, have raised the issue of LV mechanics during exercise in a group of 7 HCM patients. Using TDI, they showed no improvement in LV twist in these patients from rest to submaximal exercise, with a significant delay in UTR.
The present study is the first to evaluate normal strain components and twist-untwist mechanics at rest and during exercise in a relatively homogenous group of patients with nonobstructive septal HCM. Because apical hypertrophy and the presence of LV obstruction induce specific deformational abnormalities, 10, 27 patients with these characteristics were excluded from our study. We used STE, which is angle-independent and allows the evaluation of myocardial strains, 15 including twist-untwist patterns. 16, 17 Being semiautomatic, STE analysis is less observer-dependent than isvTDI, and its feasibility during submaximal exercise has been recently shown. 18 -20 Our control group showed a significant increase in all strain components, apical and basal rotations, twist ( Figure  1) , and untwist during exercise (Table 4 and Figure 2 ), and the magnitude of increase was higher for twist and untwist than for normal strain components (Figure 3 ). On the other hand, HCM patients showed only a moderate increase in longitudinal strain, whereas their rotations, twist, radial and circumferential strain values showed no significant change from rest to exercise, indicating a lack of exercise reserve ( Table 4 and Figure 2 ). The reduced longitudinal response may be related to exercise-induced perfusion abnormalities in subendocardial fibers. The lack of exercise reserve for circumferential strain and twist in our patients might be explained by the fact that these strain components were already maximal under resting conditions.
Systolic-Diastolic Coupling by Twist-Untwist Mechanics
The major role of twist-untwist mechanics in systolicdiastolic coupling, particularly during exercise, has been Representative strain and twist curves from a control and a hypertrophic cardiomyopathy (HCM) patient at rest and during exercise. LS indicates longitudinal strain; CS, circumferential strain; RS, radial strain; T, twist (white curve indicates twist; pink, basal rotation; turquoise, apical rotation); r, rest; and ex, exercise. Note the increase in all strain components from rest to exercise in the control subject and the severely limited strain reserve in the HCM patient.
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underlined recently. 13, 14 Diastolic untwist is strongly correlated to systolic twist. The elastic energy stored in sarcomeres, notably in the titin molecular spring and within the myocardial interstitium, is released in early diastole. Untwisting, which also depends on active relaxation, notably calcium reuptake in the sarcoplasmic reticulum, is an important determinant of early diastolic function. 13 Almost half of LV recoil normally occurs before mitral valve opening 30 and results in rapid decrease in LV pressure with early diastolic suction, thus promoting early filling. The ability to increase LV untwisting during exercise is essential for increasing filling when diastolic time shortens. Greater resting twist in HCM might thus be viewed as a mechanism ensuring more rapid untwisting, which in turn promotes diastolic filling and thus compensates for impaired relaxation and decreased distensibility.
In accordance with other reports, our HCM patients showed a significant delay of peak UTR at rest. 5, 10, 12 Despite their increased twist, the amplitude of UTR was similar in our HCM group and in control subjects. The UTR/twist ratio at rest was lower in patients (Table 4 ), indicating lower untwist for a given amplitude of twist and a lower systolic-diastolic coupling efficiency. These results may be explained by impaired intrinsic relaxation properties, which have been well documented in HCM patients. They could also be due to a shift to more compliant titin isoforms, reducing the amount of energy released during early diastole. 31, 32 During exercise, diastolic strain rates and UTR increased in HCM patients but remained lower than in exercising control subjects. Unlike control subjects who had a stable UTR/twist ratio, HCM patients showed a significant increase in their UTR/twist ratio from rest to exercise, indicating that some untwist reserve was still available despite the absence of twist reserve (Figure 3 ). Exercise peak UTR was delayed after mitral valve opening, synchronously to early longitudinal and circumferential diastolic strain rates and peak filling ( Figure  4) , and with a loss of the normal timing sequence of untwisting preceding radial displacement ( Figure 5 ). Whereas UTR and twist were significantly correlated from rest to exercise (rϭ0.6, PϽ0.01) ( Figure 6 ) in control subjects, they were not correlated in HCM patients, indicating reduced systolic-diastolic coupling efficiency by twist-untwist mechanics from rest to exercise. The increase in UTR in HCM patients during exercise independent from the systolic twisting reserve may be explained by the fact that there is still a reserve in lusitropic properties enhancing untwisting 33 in response to adrenergic stimulation. 34 Despite reduced strains and twist-untwist mechanics, HCM patients showed an increase in transmitral flow, stroke volume, and ejection fraction ( Table 3) during exercise. TDI Sa and Ea velocity were lower at rest but increased with exercise. The E/Ea ratio, indicative of LV filling, was higher at rest but did not increase during exercise. These findings may be explained by the fact that HCM patients still showed a significant increase in untwist from rest to submaximal exercise (Table 4 ). Although Longitudinal and circumferential strain rates and twist/ untwist rates in control subjects and in patients with hypertrophic cardiomyopathy (HCM). Values are expressed in percentage of systolic duration. AO indicates aortic opening; Peak S, peak ejection; AC, aortic closure; MO, mitral opening; and Peak E, peak early filling. delayed, peak UTR was concomitant to peak E during exercise and may have contributed to early diastolic filling ( Figure 3 ). Effects of blunted LV deformation on hemodynamic parameters would probably become evident at higher exercise levels.
Study Limitations
Maximal aerobic capacity was not evaluated in this setting, and echocardiographic measurements were only performed at submaximal exercise because STE tracking quality is insufficient for heart rates Ͼ130 bpm. Although the exact location of the basal and apical planes may vary from patient to patient, we took care to perform measurements at similar planes at rest and exercise. Exercise exaggerates through-plane motion of the LV, notably at the base, and respiratory movements may degrade image quality. With exercise tachycardia, the limited frame rate of STE might result in undersampling, and we cannot exclude that true peak values might have been missed. STE radial and circumferential strains are less reliable than longitudinal strain because of out-of-plane motion in short-axis views and lower lateral resolution. 
